First-order approximation of seismic parameters in AVO intercept and gradient changes are not sufficient to estimate changes in saturation and pressure accurately. Analysis from an unconsolidated reservoir and a compacting reservoir show that we need to consider higher order terms in seismic parameters to reduce the inaccuracy of the estimates. Here, in this paper, we implement the non-linear optimization method to estimate changes in saturation and pressure using reflectivity equation directly. We test the applicability of this non-linear optimization method on synthetic data for both the reservoir scenarios over an wide range of saturation and pressure changes. We observe that the inversion results using the new method are reasonably good in both reservoir scenarios.
INTRODUCTION
Changes in saturation (∆S) and pressure (∆P) can be estimated by using time-lapse amplitude variation with offset (AVO) seismic data (Landrø, 2001) . The method requires near-and faroffset stacked data of base and monitor surveys as inputs and then directly invert for time-lapse ∆S and ∆P. The method is based on the linearized AVO equation of Smith and Gidlow (1987) and considers only the first order approximation in the relative changes of the seismic parameters ( Trani et al. (2011) observed that the Landrø's method (considering 1st order approximation of seismic parameters in Smith and Gidlow (1987) equation) under-predicts the gradient reflectivity changes (∆G) leading to strong leakage between estimated pressure-saturation changes. Recent work by Bhakta and Landrø (2014) showed that the Landrø's method under predicts both ∆G and ∆R 0 due to saturation changes, for unconsolidated shallow sand reservoir. Therefore, it is necessary to include second order terms in Landrø's approximation to increase the accuracy in ∆R 0 and ∆G (Bhakta and Landrø, 2014) .
As both ∆G and ∆R 0 have quadratic terms or the products between the relative changes in seismic parameters (
and ∆ρ ρ ) and reservoir parameters (S, P), the whole expression becomes highly non-linear. Trani et al. (2011) used the GaussNewton algorithm to invert for ∆S and ∆P considering up to second order terms in the seismic parameter changes and replacing them by the changes in reservoir parameters (i.e., ∆S and ∆P). Whereas, Bhakta and Landrø (2014) presented a method to estimate time-lapse ∆S and ∆P by replacing Landrø's one-step method with a multi-step inversion approach that can directly use Smith and Gidlow (1987) equation without any approximation in it. Here, in this paper we implement the non-linear optimization method (the Levenberg-Marquardt (LM) method (Aster et al., 2013) ) to estimate ∆S and ∆P using the Smith and Gidlow (1987) this non-linear optimization method on synthetic data for two different reservoir scenarios: one is an unconsolidated shallow sand reservoir and another one is a compacting chalk reservoir. Inversion results using the LM method are reasonably good in both the reservoir scenarios. Figure 1 .a and c represent the changes in intercept (∆R 0 ) as a function of changes in gas saturation and pore pressure, respectively, for the unconsolidated shallow reservoir. Here, the saturation effect is addressed by the Gassmann's equation, whereas the Hertz-Mindlin equation is used to link pressure and velocity (Bhakta and Landrø, 2014) . Similarly, Figure 1 .b and d present the changes in gradient (∆G) as a function of changes in gas saturation and pore pressure, respectively. Observe that the Landrø's method (considering 1st order approximation only) under-predicts both ∆G and ∆R 0 in the case of gas saturation changes. In the case of pressure changes, this method works reasonably well for both ∆G and ∆R 0 predictions. Similarly, Figure 3 shows the analysis for the compacting reservoir. Here, porosity is another dynamic parameter in addition to two others (P and S w ), which could produce time-lapse effects in seismic. However, laboratory measurements of the Ekofisk field data show that porosity change (∆Φ) could be expressed as a function of ∆P and ∆S w (Sylte et al., 1999) . Thus incorporating this phenomenon, three parameters estimation problem reduces to two parameters estimation problem (Bhakta and Landrø, 2013) . Figure 3 .a and c represent the changes in intercept (∆R 0 ) as a function of ∆S w and ∆P, respectively. Again, Figure 3 .b and d present the changes in gradient (∆G) as a function of ∆S w and ∆P, respectively. Our main observation is that the Landrø's method (considering 1st order approximation only) under-or over-predicts both ∆G and ∆R 0 for not only in the case of water saturation changes but also for the case of effective stress changes.
CHANGES IN INTERCEPT -GRADIENT REFLECTIV-ITY VERSUS CHANGES IN PRESSURE -SATURATION

SYNTHETIC DATA EXAMPLE
To demonstrate the applicability of the new non-linear optimization method, we consider two field cases: the first, a shallow unconsolidated sand reservoir and the second, a compacting reservoir. For both the cases, we consider simple synthetic model with two layers i.e. over burden and reservoir. In all synthetic models, the properties of overburden layers are kept constant, whereas the same for the reservoir layer vary for various monitor scenarios. The reflection coefficients are calculated using the Zoepprtiz's equation for the near (0 • ) and far (25 • ) offsets (both for base and monitor cases), which are then used to estimate ∆R 0 and ∆G. These two seismic attributes are then used as inputs or measurements for the non-linear inversion.
Example for an unconsolidated reservoir
In 1989, Saga drilled an exploration well (2/4-14) in the southern part of the North Sea that developed into an underground blow out. Gas had escaped from the reservoir level at 4730 m into shallow sand layer (Bhakta and Landrø, 2014) . The initial effective stress and gas saturation are 3.5 MPa and 0, respectively, for this shallow reservoir layer at a depth of 490 m (Bhakta and Landrø, 2014) . As gas migrated into the reservoir, we expect increase in gas saturation and decrease in effective stress in the reservoir for monitor scenario.
We test for various reservoir scenarios: over the ranges of ∆P and ∆S g from 0 to -3.5 MPa and from 0 to 0.4, respectively. The ranges of ∆P and ∆S g are divided into 51 grid cells each. So, we have total 51×51 grid cells with varying modeled ∆P and ∆S g values. These are the 'true' or real values. Figure 2 .a shows the real ∆S g , whereas Figure 2 .b shows the estimated ∆S g using the LM method. The estimated ∆S g is reasonably good. Similarly, Figure 2 .e and f show the real ∆P and the estimated ∆P, respectively. Further, the root-mean square (rms) error is calculated to evaluate the performance of the inversions. Here, rms error is defined as
V T i and V E i are the true and estimated values, respectively, of saturation or effective stress changes for the i-th case. M is the total number of grid cells. In this synthetic test, the value of M is 51×51. The associated rms errors in estimated ∆S g and ∆P are 0.0073 and 0.211 MPa, respectively (Table 1) .
Example for a compacting reservoir
The Ekofisk field is an over-pressured, naturally fractured compacting chalk reservoir at the Central Graben in the southern part of the Norwegian sector in the North Sea. The reservoir is at a depth of 2900-3300 m below sea level and the average reservoir pay thickness is 300 m. More than ∼ 9 meters of sea floor subsidence has occurred at the Ekofisk Field since the start of production in 1971 (Sylte et al., 1999) . The subsidence is mainly due to reservoir compaction induced by pressure depletion. Later in 1987, a large-scale water injection was introduced at Ekofisk to enhance the hydrocarbon production. The initial (pre-production) water saturation and effective stress are 5 % and 2 kpsi (∼ 13.79 MPa), respectively. Here, a reservoir porosity of 42 % is considered for the base case.
We test various reservoir scenarios: over the ranges of ∆P and ∆S w from 0 to ∼ 28 MPa and from 0 to 0.55, respectively. We use the same rock physics model developed by Røste and Landrø (2007) to link the changes in seismic parameters to changes in pressure and water saturation. The ranges of ∆P and ∆S w are divided into 51 grid cells each. Figure 4 .a shows the real ∆S w , whereas Figure 4 .b shows the estimated ∆S w using the LM method. Similarly, Figure 4 .e and f show the real ∆P and the estimated ∆P, respectively. The estimated ∆S w and ∆P are reasonably good and the associated rms errors are 0.048 and 1.4459 MPa, respectively ( Table 1) .
Effect of uncertainties in input parameters
Till now we test the noise free scenarios. But, in real case we would expect noise in the seismic measurements. We consider two cases: for the first case, same degree of maximum uncertainties (15%) both in ∆R 0 and ∆G are considered. For the second case, we consider maximum uncertainties of 15% and 30% in ∆R 0 and ∆G, respectively. Figure 2 .c and g show the estimated ∆S g and ∆P, respectively, for unconsolidated reservoir in case of same degree of uncertainties both in ∆R 0 and ∆G. (Table 1) , we could see the trends clearly.
CONCLUSIONS
We present a new 4D seismic inversion method to estimate timelapse changes in pressure and saturation. The new method can handle the non-linearity and does not require any approximation in the reflectivity equation. The method is tested on synthetic data for two different reservoir scenarios. The method provides better estimations of ∆S and ∆P. For the unconsolidated sand reservoir, the associated rms errors in estimated ∆S g and ∆P are 0.0073 and 0.211 MPa, respectively. Whereas, for the compacting reservoir, the associated rms errors in estimated ∆S w and ∆P are 0.048 and 1.4459 MPa, respectively. We also observe that inaccuracies increase with the degree of uncertainties in ∆R 0 and ∆G.
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Figure 2: For unconsolidated reservoir: (a) Real changes in gas saturation versus (b) changes in gas saturation estimated using the LM method. Panels c and d are the estimated gas saturation changes by the same method but with added uncertainties in inputs. For the first case, we consider same degree of uncertainties in ∆R 0 and ∆G. For the second case, we consider more uncertainties in ∆G than ∆R 0 . Panels e-h show the similar plots for the estimated effective stress changes. Observe that, in noise free case, the estimated ∆P and ∆S g values are not exactly the same with the real /true ∆P and ∆S g values. These inaccuracies are mainly due to the use of linearized AVO equation in the inversion. Observe that the Landrø's method (considering 1st order approximation only) over-predicts both the changes in ∆R 0 and ∆G due to changes in effective stress. Here, the compaction or the porosity effect (∆Φ) is incorporated in terms of ∆S w and ∆P. For the first case, we consider same degree of uncertainties in ∆R 0 and ∆G. For the second case, we consider more uncertainties in ∆G than ∆R 0 . Panels e-h show the similar plots for the estimated effective stress changes. Observe that, in noise free case, the estimated ∆P and ∆S w values are not exactly the same with the real /true ∆P and ∆S w values. These inaccuracies are mainly due to the use of linearized AVO equation in the inversion.
